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Abstract: Currently, a smart city is an emerging field in urban cities to improve the quality of life
through information and communication technology (ICT). In general, the traditional solid waste
management (SWM) approach taken by municipal authorities for waste collection in urban areas
must be enhanced to achieve the green and smart city goals. This article is primarily focused on
the progress of ICT technologies in solid waste management. With that aim, a thorough analysis is
carried out in the article, and from the analysis, we have identified distinct ICT technologies that
have been implemented in SWM. The function, application, and limitations of each technology are
presented in the article. From the review, it is concluded that the implementation of the Internet of
Things (IoT) plays a significant role in minimizing the negative impact of waste on the environment.
It is also identified that selection of the appropriate wireless communication protocol is critical
during the implementation of IoT-based system because the sensor node at the bins is battery-
powered. In addition, it is analysed that blockchain technology plays an essential role in realizing the
waste-money model, as this model includes transactions between users and recyclers. Finally, in this
article, we propose that the waste-to-money model, local network and gateway architecture, vision
node, and customized prototype improve solid waste management system in terms of communication,

energy consumption, and real-time monitoring.

Keywords: blockchain; SWM; ICT; IoT; vision node

1. Introduction

According to United Nations, 66% of the global population will be living in urban
cities by 2025 in comparison to 54% currently inhabiting urban cities. It also reports that
the consumption of material in cities will be accelerated to nearly 90 billion tonnes by 2050,
contrasted to 40 billion tonnes in 2010 [1]. According to World Bank research [2], 4.3 billion
urban inhabitants will generate 2.2 billion tonnes of solid trash annually by 2025. The
report reveals that high-income people are generating a larger quantity of waste than
low-income [3]. The Indian planning commission report reveals that in 2014, the waste
generated by India was 62 million tonnes (MT). It is projected that, by the year 2051, the
population of India will be 1.82 billion, and the population of urban India will reach nearly
50% of the total population [4]. Considering the rise in the population, the waste will
be increasing by 5% per year. Therefore, by 2047, the waste generated will be around
260 million tonnes per annum. To dump this amount of waste, around 1400 sq. km area
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will be required [5]. In India, only 70% of waste is collected, and the remaining 30% is
amalgamated with other debris or lost in the environment [3]. Only 12.45% of the garbage
collected is managed, and the remaining is dumped in landfills, causing soil deterioration,
groundwater contamination, and air pollution. Urban local bodies in our country spend
more than 70% of their budget only for collecting waste, and the remaining amount 30% is
utilized for transport [6]. Moreover, the sustainable development goals (SDGs) for waste
management set a target of sustainable management of waste to ensure protection of public
health and environment [7]. The challenges for solid waste management (SWM) indicate
the immediate need for necessary action for upgrading the services of waste management
authorities especially in middle- and low-income countries [8] Solid waste is unusable
solid material generated by human activities in residential, industrial, or commercial sites.
It is generated either as the product of manufacturing processes or as a result of things or
materials being disposed of after consumption in the domestic or commercial domains.
Figure 1 illustrates distinct kinds of solid waste categorized based on hazardous and non-
hazardous. Organic waste, agriculture waste, and plastic waste fall under non-hazardous
waste. The composition of waste is vital for implementing waste management life cycles
including collection, transportation, recycling, and disposal [9]. It also plays a crucial role in
greenhouse gas emissions [10]. Industrial waste, E-waste, nuclear waste, and bio-medical
waste are hazardous waste. The waste composition differs from one country to another
country and from one municipality to another municipality, urbanization, income level,
and government regulations [11,12].
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Figure 1. Types of Solid Waste.

According to the Press Information Bureau, 2016 [13], the composition of India’s
waste is classified into three categories: recyclable waste, organic waste, and hazardous
waste. Organic waste comprises food, paper, wood, etc. Organic waste is the highest
generating waste in India (Figure 2). E-waste (electronic waste) and plastic waste are
categorized as recyclable waste. Organic waste is waste generated from the residents
and food restaurants [14]. Organic waste from the residents and food restaurants is
managed by the local municipal body. Recyclable waste is waste in which the waste is
transformed into new material. Hazardous waste is a waste that has the properties of
causing damage to human health or the atmosphere. Hazardous waste is produced from
the industrial manufacturing process of waste to battery trash, or it can take several forms,
including liquids and liquid gases [15]. Bio-medical is waste from the hospital environment
such as syringes, needles, diagnosis samples, drugs, medical devices, etc. This waste
is infectious and can spread infectious diseases [16]. Ineffectual supervision of organic
waste results in the creation of airborne disease in an open environment, which leads
to contamination of water bodies and generates harmful gases due to burning [17,18].
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Solid Waste Management is required for achieving sustainable metropolitan development
by collecting, transporting, and recycling the solid waste in advance for minimizing the
harmful effects on the environment and humans [19]. The waste management process
comprises the collection, transportation, and deployment of different bins for disposing of
waste and transportation (Figure 3). Recycling is the process of turning waste material into
usable material.

Organic waste Recyclables Hazardous
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M Organic M Plastic ® Ewaste B Others ®Biomedical B Hazardous ™ Others

Figure 2. Waste composition in India (million metrics tonnes per annum), Source: PIB 2016 [7].
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Figure 3. Stages in SWM.

In order to resolve the growing problems in SWM, information and communication
technologies (ICTs) are becoming progressively valuable due to the increasing need for
automatic data processing, identification, connectivity, storage, and analysis concerning
rapid and parallel computation [20]. ICT is widely recognized as a technology that assists
in data collection, processing, and communicating information [21]. ICT provides a conve-
nient way for addressing the SWM issues due to its ability to enable access to information
instantly from any remote location [22]. An evident incentive to use ICTs for achieving the
broad SWM objectives will allow communities to achieve sustainable urban development.
Even in the paradigm of smart city, the (ICT) plays a crucial role in the establishment,
implementation, and empowerment of a sustainable growth environment [23]. ICTs are
becoming more and more critical because of the increasing demands on acquisition, dissem-
ination, and interpretation of large data along with fast computing capabilities for meeting
the goals of automated and intelligent SWM systems. Innovations in MEMS technology
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have encouraged to build of advanced and technologically effective systems for SWM
during these past few decades [24], and many studies have proven that ICTs are capable of
tackling the distinct issues of SWM in terms of environment, operational cost, and time [25].

ICT technologies such as radiofrequency identification (RFID), geographic information
system (GIS), and global positioning system (GPS) are used for monitoring solid waste
collection trucks and containers. In the instance of containers, such technologies were
employed to autonomously determine the container’s level by integrating machine learning
and image processing techniques. Genetic algorithms have been used to optimize solid
waste collection routes to promote population well-being while reducing fuel use and
pollution (noise and visual). Solutions are not limited to solving present issues but also to
developing situations and products with an eye towards the future. Yet many investigations
are considering only static data instead of real-time for routing optimization.

Table 1 provides the comparative analysis of the review studies based on SWM
with the present study. The discussion of complete ICT technologies including IoT and
blockchain is not mentioned in the previous studies. Few studies provide the discussion
of ICT technologies up to geo-spatial technologies, wireless data acquisition, and wireless
data communication technologies. Few studies specifically discussed only IoT in the SWM
for smart solutions. However, this article provides a comprehensive discussion of a variety
of ICT technologies, including IoT and SWM blockchain technologies. Moreover, this
article provides the limitations of distinct IoT architecture for SWM in terms of wireless
communication. This article also provides the concept of blockchain implementation in
SWM with pictorial representation. Finally, this article provides recommendations for the
enhancement of the SWM mechanism with an advanced approach. Architecture is also
suggested to implement in SWM for implementing reliable and wireless scalable systems
in the communities.

Table 1. Comparative analysis of review studies of SWM.

Study Description Application Advantage Limitations
A comprehensive and Details on the strengths . . The discussion and
thorouch survev of and weaknesses of It lays the foundation for importance of advanced
[26] ICT—en%lble d wsi]ste several models to the delivery of new models technologies such as
management models. expose their features. in the field blO.CkCh?m are not
provided in this study
The analvsis and There were a few systems
discussiony rosented that were directly applied This study addresses the
A comprehensive intends tIc)) assist to the management of decision support system
[27] evaluation of scholarly researchers and materials reuse from for the SWM. In addition,
literature on decision managers in satherin building and demolition the information related to
support systems for SWM gi deas in & trash, waste output in the ICT technologies is not
technologies /methods industry, and old available in the study
& industrial machinery.
ICTs and their usage in ICTs and their
SWM systems to application . oy It does not provide
[25] unfold the issues and in SWM to facilitate the It pr(}\grcsei;lb:;etf;ﬁea of information regarding
challenges search for planning and in the gWM other ICT technologies
toward using an integrated  design of a sustainable such as IoT and blockchain
technologies-based system. new system.
A thorough analysis of the
associated literature based =~ An IoT-based reference The most relevant This study provides a
on IoT infrastructure for model is presented, as  techniques are highlighted, review of IoT only; it does
ettective waste well as a comparison and open researc not cover the other
[29] ffecti 11 pari d op h he oth

management in urban
environments
is conducted.

study of the
various options.

questions on the topic
are identified

previous technologies
implemented in SWM
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The major contributions of the study are as follows:

a A thorough analysis of the article based on ICT technologies is analysed.

b  The significance, function, and limitation of each ICT technology for SWM are detailed
presented.

¢ The importance of vision node, blockchain-based waste-to-money model, local net-
work and gateway-based architecture is the recommendations that are concluded from
the review.

The structure of the study is as follows. Figure 1 illustrates the structure of the
paper. In the Section 2 covers the materials and methods of the review. Section 3 covers
the technologies that have been implemented in SWM such as geo-spatial, wireless data
acquisition, wireless data communication, IoT, and blockchain. Section 4 covers the results
of the review. Section 5 covers possible research challenges and suggestions, and Section 6
covers the novelty of the study.

2. Materials and Methods

In this section, we present the materials and methods that are implemented for con-
ducting the review on solid waste management. In this, the materials and methods are
presented in the following pattern such as search strategy and selection criteria, followed
by collection and extraction of data and then data analysis. This review is primarily focused
on the progress of ICT technologies in solid waste management. The primary research
question framed is: “Which ICT technologies are targeted in solid waste management?”
Based on this research question, we have carried out gathering the research articles from
different databases such as IEEE, Science Direct, Web of Science, and Scopus. To answer
the research question, we explored the publications with logical strings.

e  The following string is considered for the inclusion of publication (“solid waste man-
agement” or “solid waste”, “bin level detection” or “waste management” or “garbage
level detection” or “municipal solid waste management” or “waste collection” or
“waste monitoring” or “trash bin level monitoring” or “bin level monitoring systems”
or “smart bin” or “route optimization”). AND (“Information and Communication
technology {ICT}” or “geo-spatial technologies” or geographic information system” or
“GIS” or “geoprocessing” or “geographical information system” or “data acquisition”
or “data communication” or “LoRaWAN").

e The following string is considered for the exclusion of publication (“wastewater
treatment” or “electronic waste” or “medical waste” or “radioactive” or “construction
and demolition waste” or “sludge management”).

The above search strings are applied in available search filters of IEEE, Science Direct,
Web of Science, and Scopus. In Science Direct, Web of Science, and Scopus, we have
searched articles with title, abstract, and keywords fields. In the case of IEEE, we searched
the articles with abstracts. This review considered publications from 2008 to 2021. The
publications between 2008 and 2021 are excessive, and to filter the quality publication, we
applied an approach. It was observed that the same studies were repeated with the same
method in different years, so these publications were excluded for review.

In addition, conference papers of limited quality were considered, as most conference
papers lacked a factual approach and proof of concept. After thorough filtration, the
publication pattern that was considered for review is presented in Figure 4. The pub-
lication pattern is presented year-wise and journal and conference-wise. As discussed
earlier, quality journals are considered over the conference papers by applying the logical
strings. In the analysis, we classified the different types of ICT technologies (Figure 5)
that are implemented in SWM such as geo-spatial technologies, wireless data acquisition,
wireless data communication, and IoTs. In the classification, the greatest number of articles
are represented with IoT (35%) followed by geo-spatial (27%), wireless data acquisition
(21%), and wireless data communication (17%). These technologies provide the ability
to set up a remote access environment in SWM. These ICT technologies have been in-
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corporated into SWM to monitor bins, locate bins, optimize routes, and monitor bins in
real-time. In spatial technologies, most systems are implemented by integrating two or
more technologies. Based on this classification, the remaining study is organized as shown
in Figure 6. As per analysis of the different articles for the study, we have identified Critical
Reviews in Environmental Science and Technology, Waste Management (Elsevier), Journal of
Cleaner Production (Elsevier), Waste Management and Research: The Journal for a Sustainable
Circular Economy (WMandR), and IEEE Access. The authors are Pinjing He, Umberto Arena,
Dimitrios Komilis, and Professor Nicole Berge.

Journals Conferences

2007 =2008 m2009 #2010 m2011 m2012 m2013 m2014
m2015m2016 w2017 m2018 m 2019 = 2020 = 2021

Figure 4. Publication pattern year-wise.
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Figure 5. Distribution of papers based on technologies.
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Description of Previous Methodology

In this section, we discuss the different previous methodologies that were carried out

in the previous study. The significance and implementation of the methodology used in
SWM are presented. From the analysis of the previous literature, we drew conclusions
about the following ICT technologies such as geo-spatial, wireless data acquisition, wireless
data communication, IoT, and blockchain technology:

Geo-Spatial: From the analysis, it is concluded that geo-spatial technology is the initial
ICT technology that is implemented in the SWM to monitor waste collection and
generation. In this technology, we have evaluated the usage of geo-spatial technology
for different applications of SWM with limitations.

Wireless Data Acquisition: Due to rapid development in materials, the size of electronics
materials is reduced in micro and nano size. This innovation led to the development
of the data acquisition techniques such as sensors. Data acquisition technology uses
sensors to acquire information by capturing quantities of chemical, biological, or
physical properties and converting them into readable signals. We have evaluated the
different types of data acquisition technologies that have been implemented in SWM
with function.

Wireless Data Communication: Wireless data communication has a significant role in
any application to transmit data from one location to another location. In this study,
we have evaluated different types of communication protocols that are implemented
in SWM to communicate the sensor data. Here, we also evaluated the limitations and
advantages of the different communication protocols in the SWM.

IoT: 10T is widely implemented in distinct applications to enable real-time monitoring.
In this study, we evaluated the implementation of IoT for different functions of SWM.
In addition, to IoT studies, this review also evaluates IoT studies with cloud servers to
check real-time implementation in SWM.

Blockchain: Blockchain is the emerging approach that is implemented in the SWM to
enhance digital documentation and circular economy. Here, we have evaluated the
applications of blockchain in the SWM.

3. Technologies Implemented for SWM

In this section, we discuss distinct ICT technologies that have been identified through

the analysis. Here, the individual ICT technologies are addressed in detailed with applica-
tions and limitations in tabular form.
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3.1. Geo-Spatial

GIS, GPS, and remote sensing (RS) are the geo-spatial technologies are employed
for route optimization, optimal route, selecting dumping site, and waste generation in-
formation [30]. Geo-spatial technology is the technology that facilitates obtaining the
data referenced to the earth. This technology will enable the establishment of intelligent
decisions from the maps and models to acquire the desired result. Geo-spatial technology
can track each event during trucks transportation concerning to changing in the surface of
the earth. GIS, GPS, and RS are three geo-spatial technologies that are being implemented
in the waste management system. Site selection [31-34], route optimization [35-38], bin
location selection [39-42], and waste generation estimation [43] are accomplished by GIS.
Vehicle tracking [44], route scheduling [45-47], driver tracking [48], and collection moni-
toring [49-51] are the activities that are possible with GPS. Environment assessment and
environment feature monitoring are achieved with the assistance of RS [52].

Table 2 illustrates the previous studies that utilized the GIS in the SWM. The previous
studies that are available in the table primarily focused on route optimization. For route
optimization, the GIS is integrated with distinct models, namely agent-based and equation-
based, 3D-based, decision support system (DSS), and dual-phase. The combination of
GIS with the aforementioned models is implemented in SWM for achieving the efficient
optimal path during the waste collection. Moreover, GIS is integrated with the fuzzy logic,
RS for site selection, and placement of the bins. ArcGIS software is employed for allocation
of bin and route optimization, and QGIS is useful for estimating the amount of waste
generation at a particular site. The objective of GIS is to assist the municipal authorities
with the proper implementation of the waste collection system and disposal unit.

Table 2. A detailed survey on GIS.

Reference Spatial Technology Application Function Limitations of Study
GIS and remote Site selection and Siting the landfill and bin Tlme—c'onsufnmg and
[32] . . . . . requires high-end
sensing (RS) bin location location for waste disposal. .
infrastructure.
Soil type
GIS and multiple Integrating the approach of Geo-techniques features
[33] criteria decision Landfill site selection GIS and MCDA is effective  need to be considered for the
analysis (MCDA) in landfill site selection. evaluating the risk
of environment.
Allocation of a bin for lr\cl)(fft?rslsagrtl?eﬁgilim’fk?et
[38] GIS Bin allocation minimizing the collection oty &
.. transportation cost and
costs and CO, emissions. ..
CO, emissions.
. Selecting an optimal route Require }‘ugh—sklllec'i person
[39] GIS Route planning . for implementing
for waste collection. .
this system.
' ' ArcCIS tool is Th(? study is llmlted to one
Allocation of bin and . .. particular location. The same
[40] ArcGIS tool N implemented for efficient . .
route optimization . model is unfeasible for
waste collection. .
other locations.
Integizzﬁicﬁi&il:efg;stht The communication network
[49] GIS + RFID + GSM Monitoring of the bins SCINO 081 in this study consumes
monitoring the bins and hich power
tracking the truck. ghp ’
Integration of GIS, Oobtimizine the route for This study is focused on the
[50] agent-based, and Route optimization p & collection time, travel time,

equation-based model

the waste collection.

and travel distance.
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Table 2. Cont.

Reference Spatial Technology Application Function Limitations of Study
[51] Integration of GIS and Site selection Selecting the landfill site. Requlres h}gh—processmg
fuzzy logic unit for the implementation.
Selecting the location for O‘;if:lo:;boi t:le;;/g:?;enfcl)‘sm
[52] GIS Bin location deployment of bins for garbag o
. . addressed, as it is
effective collection. . .
environmental risk.
. Reducing the fuel cost also
[53] 3D-based GIS model. Route optimization Re@uf:mg the' fuel by depends upon the type of the
optimization in route. .
vehicles and roads.
Ovtimization and It is difficult to schedule a
GIS-based decision Routing and phr waste collection, as the
[54] . scheduling of routes for : .
support system (DSS) scheduling . . amount of waste disposed in
solid waste collection. - .
the bins is not estimated.
Limited for assessment of
. . Assessment of ground water, and
GIS-based spatial Groundwater risk o
[55] . groundwater monitoring of the other
analysis assessment L > a1
contamination. parameters in landfill site
is lacking.
- Proposed model should be
- Estimation of waste .
. Estimation of waste L tested in a larger area to
[56] GIS-based spatial . generation in an urban O
generation : enhance the reliability of the
environment. .
derived results.
Dvnamic route The focus of this work is
[57,58] GIS-based DSS Route optimization el . limited to recycling
optimization for collection.
management.
Enhancing the waste Ineffective in
[59] Dual-phase GIS model Route optimization ) recognizing the situation
collection route. .
with the lowest system cost.
Long-term MSWM plans
[60] GIS Quantifying the waste Evaluating informal and should be presented
pickers formal waste pickers. for valorising the circular
economy activities.
. . During the practical
[61] GIS and remote sensing Site selection Selelctmg the appr(?prlate implementation, the system
location for waste disposal. . )
constraints arise.
Predictive analysis and Creating an optimal route for
Waste generation QGIS are used the garbage truck with
[62] Quantum GIS (QGIS) information for evaluating descriptive and
waste generation. predictive analysis.
Manual analysis must also be
[63] GIS Selection of Analysis of the GIS data for integrated with GIS for
l disposal site selecting the disposal site effective selection of
disposal site.
The participation of
Implementing GIS for municipal decision makers in
oute optimization inding the optimal route approving multi-criteria
[64] GIS R ptimizati finding the optimal pproving multi-criteri

for waste collection.

decision aids
approach effectively.

GPS assists in tracking the objects based on longitude and latitude. In MSW, GPS
combines with GIS and RFID for tracking the trucks and drivers during the waste collection,
and it also helps in optimization of the routes. Moreover, GPS and GIS support landfill
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selection and assessment of waste management. Table 3 provides the detail function of the
GPS in MSW.

Table 3. A detailed survey on GPS.

Research Spatial Technology Application Function Limitations of the Study
o Integra’u.on. O.f GIS and GPS Real-time data of the route
[65] GPS and GIS Route optimization for optimizing routes for S .
. optimization is lacking.
waste collection.
Analysing the delay of Lm;;’;lr;% ;};faarr;;lys}i\tz !
[66] GPS Vehicle tracking vehicles at the y y
transfer station concealed a few seasonal
' dissimilarities in the data.
. . Communicates the precise Real-time communication
[671 GPS Drive tracking activities of drivers. system is not addressed.
Ovtimization of Spatial data and real-time Sensor fusion techniques are
[68] GPS and GIS pcollection data for tracking and not utilized for classification
optimizing the collection. of waste.
a1 RFID technology is only able
[69] GPS and RFID Route optimization Automated. bl.l hng and route to communicate information
optimization. ..
to the limited range.
Identifying the solid waste ~ Lacking the consideration of
. . dumping site for reducing  recycling and reuse approach
[70] GIS Site selection the environmental risk and for reducing the
human health. environmental risk.
[71] GPS and GIS Assessment of waste Integrating for assessing the Assessmfent is limited to
management waste management system. theoretical approach.
Integrating GIS and GPS for ~ Tracking system is needed to
[72] GPS and GIS Land fill selection selecting a feasible location =~ be implemented for making
for the disposal. the system effectively.

RS is utilized for monitoring and analysing the physical attributes of an area. In SWM,
the RS is employed for the environmental assessment of the water bodies. Moreover, RS
is utilized for landfill sites regarding water bodies polluting due to the decomposition
of mixed waste in the land. RS is also integrated to estimate the waste generation and
identify the appropriate site for constructing landfills for waste disposal. Table 4 provides
the detailed function of the RS in SWM.

Table 4. A detailed survey on RS.
Research Spatial Technology Application Function Limitations of the Study
. . S . Implementation of RS and
73] RS and GIS Environment Allotting landfill site tha? is far GIS increases the
assessment away from water bodies. .
infrastructure cost.
. . Selecting a waste disposal site In optimal routing, the
[74] RS and GIS Site selectlon and and providing the profile of roads has
routing . .
optimal route. not considered.
Environment Evaluating the feasible site for Time consuming and high
[75] RS and GIS disposal of waste far away cost for the real-time
assessment . . . .
from the river bodies. implementation.
Simple Thiessen polygons to
Analvsing the evaluate the impact of
[76] RS and GIS Waste generation ysmg activities on specific area

waste generation.

with single
remote-sensing imagery.
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Table 4. Cont.
Research Spatial Technology Application Function Limitations of the Study
[77] RS Landfill site Detecting L.malllthorlzed Detection time is maximum.
landfill sites.
Thiessen polygons for
obtaining the area of
[78] RS and GIS Landfill site Ranking the landfill site. influence around polygons
and the usage of a single
RS image.
Environment Identifying, y Vgluatmg, and The operational
[79] RS quantifying the :
assessment cost increases.

methane emissions.

3.2. Wireless Data Acquisition

Wireless data acquisition technology is an eminent technology that acquires the real-
time information of physical things without human intervention. The availability of
real-time information encourages municipal authorities to track and monitor bins contin-
uously [80]. Real-time information also assists in evaluating the generation pattern and
quantity of waste in the containers, which indeed facilitate the trucks for collecting the
waste at appropriate times to avoid overflow [81,82]. In the context of SWM, the following
are wireless data acquisition technologies: (i) sensors and (ii) imaging technology. Sensors
acquire the chemical, physical, and biological properties of any material and convert them
into an electrical signal. Minimum computing power, low power consumption, and energy
constraint are the benefits of the sensors. In many studies, researchers have addressed the
significance of the sensor in SWM for the application of real-time quantity and weight of
waste and emission of the gas from the garbage. Table 5 illustrates the detailed study of
sensors and imaging technology implementation in SWM. From the table, it is identified
that the following sensors, namely, weight sensor, temperature sensor, capacity sensor,
gas sensor, and pressure sensor, are incorporated in SWM for sensing the status of the
bins. In [83], an intelligent solid waste bin is proposed, where the bin’s mechanisms are
automated with the assistance of three distinct sensing technologies, namely, lid status
sensing, waste level sensing, and weight sensing.

Imaging technology is another data acquisition technology that is widely implemented
in the SWM for capturing and monitoring the visuals of the bins and surrounding envi-
ronment. Camera and video surveillance [84,85] are the imaging technologies that capture
the digital images for prediction of the possible events related to the waste. Bin level
detection [86,87], waste sorting [88-92], and collection monitoring are the applications of
imaging technology for the SWM. The visuals, which are captured by camera, are bene-
ficial for analysing the waste generation pattern and other activities with the assistance
of Al techniques. Multi-layer Deep Learning System (MDLS) model is applied on the
images for classifying the waste in bin by using AlexNet Convolutional Neural Network
(CNN) algorithm [93].
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Table 5. A detailed survey of wireless data acquisition technologies (sensors and imaging).

Ref Acquisition Technology Application Function Limitations of the Study
[84] Optical sensor Waste sorting Sorting the mixed waste of ~ Communicating the data of
the bin. waste sorting is unavailable.
S Data processing consumes
[85] Camera Waste collection Monitoring the high power due to
waste collection.
GSM module.
Raspberry pi board enabled
[94] Infrared sensor Waste collection Enhancing the waste with infrared sensor can only
collection event. communicate to the
short range.
[95] Ultrasonic sensor, Detection of bin level Sensing’the levgl of waste GSM module in the system
force-resistive sensor ’ in the bin. consumes high power.
. ESP8266 Wi-Fi Module in
[96] Ultrasonic sensor Detection of bin level ~ eNSIN& the level of waste the system communicates
in the bin.
only to the short range.
Collecting waste Internet connectivity should
[97] Ultrasonic sensor Waste collection concerning the threshold be stable for sending the
level of the bin. threshold level of the bins.
[98] Ult . W llecti Customized ultrasonic The sysftem 1 lack_m_g th(;
rasonic sensor aste collection sensor for waste collection,  8ateway for transmutting the
data to the server.
Enabled threshold limit to
. . the bin for overcoming the ~ GSM module in the system
[59] Ultrasonic sensor Waste collection overflow of waste from consumes maximum power.
the bins.
. Sensing the level of waste Infrared sensor-based
[100] Infrared sensor Bin level in the bin system faces challenges due
€ bmn. to environmental issues.
I Detection of waste thrown
[101] Infrared sensor Waste collection Morutofr ng ihe level outside is a bit challenging
of waste. with infrared sensor.
. - Communicating the visuals
[102] Camera Waste collection Imﬁfg‘éghge zﬁiﬁfilcslf;;y of data through GSM increases
Y ' the operational cost.
o - Communication system is
[103] Camera Outdoor g?r?dltlon of hﬁgﬁgﬁgg;g;?fh?gizor missing for transmitting the
’ visuals data.
[104] Camera Bin identification Identifying t }}e b.l ns during N/A
classification.
A deep learning
P framework is implemented . .
[105] Camera Clasfs1f1cat10n on the image that was erg less cor}nect1V1ty
of waste - is unavailable.
acquired through
the camera.
Mounted camera in the Implementing the robot with
[106] Camera Bin sorting robot for sorting the waste __camera raises the
in the bin infrastructure cost for
’ sorting the waste.
Real-time monitoring An alert system is lacking for
[107] Camera Monitoring dumping activities in the sending the details of the
dumping yard. dumping activities.
Monitor the level of the Nee_d to upgrade
[108] Ultrasonic sensor Level of the waste waste in the bin and communication protocol for

communicate to wireless
access point.

transmitting the data across
a long range.
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3.3. Wireless Data Communication

Wireless data communication technologies in the SWM encourage transmitting the
acquisition data and geo-spatial data to obtain a stable and reliable interconnection with the
bins. The advent of communication technologies opens opportunities for communicating
information from a remote location [109]. The wireless communication technologies are
classified based on transmission range: (i) long-range communication and (ii) short-range
communication. GSM/GPRS LoRa is the distinct long-range communication technologies
that have been implementing in SWM. Zigbee Bluetooth and Wi-Fi [110] are short-range
wireless communication in SWM. GSM/GPRS is long-range communication that operates
on 900-1800 MHz [111]. This communication can transmit the sensor information of
the bins to the municipal authority across a long range. The major drawback of the
GSM/GPRS in the SWM is the high-power consumption that generally occurs at the
sensor node. However, the limitations of high power in the SWM are overridden by the
long-range (LoRa). LoRa communication is low-power and long-range communication
technology that can transmit the sensory information up to 5 km (urban) and 10 km (rural).
The short-range wireless communication technologies including Zigbee consume low
power for communicating the information. Bluetooth is another WPAN communication
protocol that communicates the information with low power consumption. Wi-Fi (Wireless
Fidelity) is a wireless local area network (WLAN) that can communicate information over
Internet Protocol (IP). However, the short-range limitation of Bluetooth, ZigBee, and Wi-Fi
is combatting the wide implementation in the SWM. Table 6 provides the detailed review
of wireless communication technologies in SWM.

From the previous studies, it is concluded among five technologies that LoRa (Long
Range) is the promising and reliable communication technology that meets the require-
ments in the SWM. Generally, the end devices are powered with battery. The embedding
of GSM/GPRS and Wi-Fi consume high power for the data transmission. Zigbee and
Bluetooth consume low power; however, these two technologies only transmit to the range
of 100 m. Thus, LoRa (Long Range) is the optimal technology that dissipates low energy
with the long-range transmission reliably and securely.
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Table 6. A detailed review of wireless data communication technologies in SWM.

Parameter/Technology =~ GPRS/GSM Ran;:I(ILoRa) Zigbee Bluetooth NB-IOT SigFox Wi-Fi
. Wide area network ~ Low-power wide area  Personal Area Network Personal Area Local Area
Wireless Network (WAN) network (LPWAN) (PAN) Network (PAN) LPWAN LPWAN Network (LAN)
Introduced 2000 2009 2003 1998 2016 2010 1997
3rd Generation .
Alliance Partnership Project Semtech Zigbee Alliance BiuftOOtth C? pecial 3GPP Frencll(l global Wi-Fi alliance
(3GPP) nterest Group network operator
Standard Not available TEEE 802.15.4g TEEE 802.15.4 TEEE 802.15.1 Not available Not available 802 11nb g
. 868/915 MHz and 2.4 Licensed LTE
Operating band 900-1800 MHz 433/869/915 MHz GHz 2.4GHz frequency bands 868 to 915 MHz 2.4GHz/5GHz
20, 40, 100, and 200
Data rate 172 Kbps 50kbps kbps 2 Mbps 200 kbps 100 bps 11-54 Mbps
: GEA, MS-SGSN, (Advanced Encryption . ) s . .
Security type MS-host System) AES—128b 128 bits AES 64- or 128-bits AES LTE encryption Not supported 128 bits AES
Bandwidth 200 kHz Less than 500 kHz 2MHz 1 MHz 200 kHz <100 Hz 22 MHz
Topology Cellular Star to star Mesh, pf;}éz}}:eer, star, Scatternet Star topology Star topology Point to hub
Transmission range 1-10 km 5km (%igiz?l))/ 10 km 100 m 10-50 m NA 10 km 100 m
Research [112] [113-116] [117-119] [120] [121] [121] [122]
. GFSK, DPSK, and
Modulation type GMSK/8PSK GFSK BPSK/OQPSK DQPSK QPSK GFSK, DBPSK BPSK/OQPSK
e  oRa protocol
supports in the . . Wi-Fi supports
GSM/GPRS physical layer. Zigbee supports in Bluetooth supports ~ Physical layer and  Physical layer and  physical layer
OSIlayer supports all 051 network and all OSI layers data link layer. data link layer d dat
layers. e LoRaWAN transport layer. yers. yer yer l(imk ) ata
supports in the ink layer.
data link layer.
Incapable of a
Limitation High power The data rate, network Line of Sight (LOS). Short-range seamless Low data rates. Short-range
consumption. capability. communication. handover communication.

between cells.
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3.4. IoT for SWM

IoT is recognized as a platform that involves smart objects embedded with networking,
sensors, and processing technologies that merge and operate simultaneously to provide
an ecosystem in which intelligent services are delivered to end-users [123,124]. Internet
of Things is a network of physical objects that are digitally connected to sense, monitor,
and interact within a company and between the company. Supply chain enables agility,
visibility, tracking, and information sharing to facilitate timely planning, control, and
coordination of the supply chain processes [125].

Every technology has its architecture; the IoT consists of the three-layer architecture
of IoT [126] and is shown in Figure 7. The perception layer, network layer, and application
layer are part of the IoT architecture. The perception layer consists of sensors; the sensor
senses changes in the physical things and the surrounding environment. In IoT, sensor
technology plays a crucial part in monitoring physical objects/things. The network layer
enables the transmission and processing of the sensor data using networks and servers. The
application layer provides application-related services to the end-user and defines different
applications in which the IoT can be deployed. In the context of SWM, IoT will enable the
connecting of the bins to the internet for real-time monitoring and visualizing the status
of the bins from any remote location. The implementation of IoT in SWM is illustrated in
Table 7. Different parameters have been considered for evaluating the significance of IoT in
waste management. Among all the research studies in the IoT for SWM, the primary focus
is on monitoring the bins’ fullness level. Generally, for measuring the level of the waste, an
ultrasonic sensor is embedded in every study.

VAl

Network

eConnecting phyiscal Layer eProvide smart services
things to the loT § i and to customers
.
network. TaNSMt and receive *Eg: Smart home, Smart

” the information to loT
*Eg: Sensors and hubs and devices agriculture, smart

Actuatots health care etc.
*Eg: LoRa, Wi-Fi,
Bluetooth etc
Application
Layer

Figure 7. Basic Architecture of IoT.

In a few studies, the proximity sensor is embedded for sensing the nearby object
and enabling the lid to open for disposal of the waste; a force-resistive sensor and load
cell sensor are embedded for measuring the weight of the waste in the bin. Fire sensor
is for sensing fire or smoke in the bin [127]. The gas sensor is for sensing the possible
evolution of pungent gas from the waste, odour sensor for sensing the smell from the
waste in the bin, and the moisture sensor for sensing the wetness on the waste. With the
evolution of cloud computing technology, the bins are monitored through cloud. Cloud is
one of the promising computing technologies where the data is analysed, computed, and
stored. The different cloud platforms implemented in previous studies of SWM, namely,
Ubidots, Amazon Web server (AWS) [128], Thingspeak server [129], Google Cloud server
(GCP) [130], and local server, are considered in a few studies storing the sensor data of
the bins.
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Table 7. IoT implementation in SWM.

Study Objective Waste Infrastructure Sensing Actuators Software
L . 1 bin in indoor and .
[131] Monitoring Organic and 3 bins in outdoor Ultrasonic Not specified Cloud server
the level recycle waste . sensor
environment
Three smart
[132] Reduce food waste Food garbage bins with Load cell Motor Mobile API
RFID reader
(33 Waste discharging Al Csemmgallopes  proximiyand  Motor | Amaenied
and collection 8 yp P i server (AWS)
of waste. fire
o . Ultraviolet -
[134] Monitoring level Solid waste No UV) Not specified Web portal
Waste collection .
[135] and monitoring Household Smart bin Ultrasonic Not specified Cloud server
level waste sensor
[136] Monitoring level Solid waste Smart bin (2) U:;izg?1C Not specified Mobile API
[137] Monitoring the Solid waste Three garbage bins Ultrasonic Not specified Ubidots [oT
level and alerting sensor cloud
[138] Monitoring level Solid waste No Ultrasonic Not specified Thingspeak
sensor server
Monitoring level Dry bin and Ultrasonic
[139] '8 Solid waste ybm. sensor, Motor Local server
and moisture wet bin .
moisture sensor
Ultrasonic
Monitoring level . sensor, weight s Google Cloud
[140] and weight Solid waste No sensor, and Not specified server (GCP)
odour sensor
Monitoring filling 8 bins are Ultrasonic
[141] level and Solid waste implemented with sensor Not available Cloud server

provide location

sensor nodes

From the previous studies, we have evaluated the IoT architecture of SWM and have
concluded that the typical architecture illustrated in the Figure 8 is widely proposed. In this
architecture, “n” number of the bins in the perception layer have communication capability,
where they transmit the filling level of the waste. The sensor node is deployed in the bins
for enabling the communication to the cloud server with GSM/Node MCU modem.

In IoT, the controller and wireless communication selection plays a significant role
because the sensor node are energy-constrained devices and are deployed in the outdoor
environment where the electrical power grid availability is less. Therefore, in we discuss
the studies that integrated distinct controllers and communication Table 8 for achieving the
goal of IoT for SWM. Raspberry pi 3, Atmega 328P, R5F100LEA, Arduino Uno and WEMOS

are the controllers that have embedded sensor nodes for monitoring the bins’ status.
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Figure 8. IoT based architecture of the waste management system.

Table 8. Technical specifications of previous studies of IoT-based SWM.

Stud Controller Bus Width For }e)er:::lllg Operating Wireless Wi-Fi Customized
y Unit (Bits) (MI‘?Z /GHZ) Voltage (V)  Communication Prototype
Global system for
[97] R5F100LEA 16 32 MHz 55 mobile Not available No
communication
(GSM)
RKI-1451
[114] Atmega 328P 8 16 MHz 3.3 NA (ESP 8266) No
Not CDMA2000 .
[131] discussed - - - EV-DO, RFID Not available Yes
Global system for
[132]  Arduino Uno 8 8 MHz 7-12 mobile - No
communication
(GSM)
aspberry p1 . zZ , 3, igbee nbuilt o
[134] Raspberry pi 64 1.2GH 53,3 Zigb Inbuil N
- . - o)
[135] WEMOS 80 MHz/160 MHz 33 I“bgélg 6()ESP N.
[136] Arduino Uno 8 8 MHz 7-12 NA - No
[157, Arduino Uno 8 8 MHz 7-12 NA ESP 8266 No
138] module
[139]  Singlechip Not Not mentioned Not NA Node MCU Yes
controller mentioned mentioned

Wireless communication technologies such as GSM, Zigbee, CDMA2000 EV-DO, and
RFID are being integrated for establishing the interconnection between bins and server.
Moreover, node MCU and RKI-1451 has been implemented for communicating the sensory



Sustainability 2021, 13, 13104

18 of 31

information over the internet. Additionally, we have considered one more parameter, i.e.,
customized prototype. Generally, the customized prototype allows the researchers to the
design and implement a hardware according to requirements. A customized prototype
reduces the infrastructure and time because the prototype developed is according to
the study requirement. In order to design a customized prototype, from the controller
unit to communication protocol, every aspect is being tested and simulated on design
and simulation tools. Even the faults in the prototype can be quickly resolved within a
short interval of time. So far, from the previous studies of IoT for SWM, we identified
that the wireless communication protocol integrated for monitoring the bins experiences
limitations due to the short-range transmission and high-power consumption. This problem
is overcome by LoRa. With this advantage, various recent studies have embedded the
LoRa communication within the end nodes for transmitting the data over long range. Low
power consumption and long-range-based wireless communication is the requirement
of the IoT network. Generally, in a mesh network and cellular network, the nodes must
wake up and synchronize with the network and check the messages. This mechanism
reduces the lifetime of a battery due to frequent energy consumption. LoRa (Long Range)
is integrated with a pure ALOHA mechanism, and this will allow the network wake up
automatically when there is a requirement to transmit the data. This factor enables long-
range (LoRa) communication to consume low amounts of power during the transmission of
the data. The studies in Table 9 address the profitability of implementing long-range LoRa
communication for the waste management system. The customized prototype enables the
researchers and users to design the prototype according to their requirements of the study.
The cost-effective and energy-saving devices can be executed in customization.

Table 9. LoRa (Long Range)-based IoT SWM.

Study Objective Controller Sensors Customized Prototype
[116] Momtprmg the bins an SAM 121 Ultrasonic, load cell, and Yes
optimizing waste collection. temperature
[117] Monitoring the level in the bins. Atmega 328P Ultrasound Yes
[118] Momtprmg. the level and Arduino Uno Ultrasonic sensor No
classification of waste.
Monitoring the level and Ultrasonic and
[138] detection of fire in the bins. ATMega328P temperature sensor Yes
[139] Monitoring the level and N/A Ultrasonic sensor No

predicting the waste level.

Figure 9 illustrates the LoRa-based IoT architecture of SWM that are implemented in
the recent studies. LoRa is embedded in the “n” number of sensor nodes for transmitting the
sensory data. The sensory data transmits to the gateway, where the internet connectivity
is available for logging the data into the cloud server. Sensor nodes utilize the LoRa
frequency band for transmitting the data to the gateway. The gateway is integrated into
the LoRa network and IEEE 802.11 Wi-Fi/3G/4G for receiving the data from the sensor
nodes and communicating the data to the cloud server. The cloud server computes the data,
and it stores the data. Finally, LoRa (Long Range) is an optimal wireless communication
technology for implementing IoT-based SWM.
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Figure 9. LoRa (Long Range)-based IoT architecture for waste management.

3.5. Blockchain for SWM

Blockchain technology is also represented as distributed ledger technology [140].
Blockchain is not merely the modern sort of global internet technology but also the new
kind of supply chain that integrates hash algorithm, cryptography, and peer-to-peer net-
work [141]. Decentralization, immutability, and transparency are the unique features of
blockchain technology. These unique features of blockchain have enabled the implementa-
tion of blockchain in various fields, namely, energy, agriculture, manufacturing, medicine,
etc., for enhancing the security to the data and executing secure transactions [142]. Gen-
erally, SWM lacks proper documentation regarding waste generation, collection, and
recycling [143,144]. Here, blockchain technology assists the municipal authorities in allow-
ing the distinct participants, customers, municipal authorities, inspector, contractor, police,
and admins of SWM access on the same network for maintaining transparency.

Customer—one who uses the blockchain platform for placing waste collection request.
Municipality Authority—one who places the request of waste collection on the behalf
of the customer.
Inspector—one who visits the assigned site for inspection purpose.
Contractors—one who is responsible for waste collection and management operations.
Police—one who is responsible for checking the legal formalities involved in waste
transportation.

e  Admins—those who operate the waste management system as well as the experimen-
tal conclusions that can be drawn.
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The different holders in this blockchain payment process are customer, clerk, and
municipality officer. Here, the clerk and municipality officer come under administration.
At first, the customer needs to place a waste collection request through a mobile device,
and then this request will then be received by the clerk for further processing. At the XOR
junction, the clerk will be receiving requests from many customers. Figure 10 presents
the blockchain-based payment process for waste management. The clerk receives the
request, and here, the clerk verifies whether the request needs to be inspected or not. If
there is a need to inspect the waste site (YES), the request will be sent to the respective
municipal inspector to inspect the land filling site. If there is no need for inspecting (NO)
the land filling site, then the payment process initiates for the customer waste collection
request. The municipal inspector receives the request on a mobile device for checking
out the waste filling site, and this inspector visits and verifies the waste filling site. After
checking out the waste filling site, the municipal inspector initiates the payment process
for the customer to pay for their waste collection request. Each and every payment detail
of the customer’s waste request will be reflected in their account. At every parallel junction
(Green), multiple requests can be placed at a time. The payment is credited into different
accounts for different days. Each activity in this flow diagram is available with everyone
who is part of the payment process.
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4. Results

In this section, we present the overall results that are obtained through the review.
The results of each technology are discussed below.

e The geo-spatial technologies in the SWM have been employed for the following
functions such as selection of dumping site, route optimization, bin allocation, ground-
water risk assessment, and optimal route selection. These technologies have made it
possible to make intelligent decisions from models and maps. However, the imple-
mentation of geo-spatial technologies is expensive, since to analyse different attributes
of the image, it needs to be repetitively analysed. In addition, high storage capacity
and high processing power are required to implement these technologies.

o  Wireless data acquisition technology overcomes the limitations of geo-spatial tech-
nology because it obtains information within a limited memory and requires low
processing power to process. In SWM, wireless data acquisition technology is widely
implemented for the functions of waste collection, waste sorting, and level monitor-
ing with optical sensors, infrared sensors, and ultrasonic sensors. A camera in the
SWM is utilized for waste classification, identification of bin, and monitoring the
dumping site.

e  Wireless data communication technology supports the wireless data acquisition tech-
nology to transmit the acquisition data from one location to another. The selection of
wireless data communication technology plays a crucial role in the SWM, as the sensor
nodes deployed in the bins are powered by battery. The energy consumption by the
sensor node is primarily due to the wireless communication protocol. Thus, selection
of low-power-consumption wireless communication protocol with long-range trans-
mission plays a crucial role. Currently, LoRa communication protocol is implemented
in SWM for long-range transmission.

e In the current scenario, the advancement in wireless data acquisition and data com-
munication technology empower the implementation of IoT for real monitoring of the
activities involved in SWM. 10T, along with a cloud server, visualizes the sensor data
on a graphical user interface, and distinct analytics are also applied to the sensor data
available on the cloud server.

e  Blockchain technology is a de-centralized and distributed ledger, where the data is
encrypted and decrypted with a hashing algorithm and public key cryptography. In
SWM, the blockchain technology is utilized to implement the digitalized documen-
tation of activities such as waste generation, waste collection, and recycling. Every
individual of the SWM is able to visualize the data in distributed ledger format.
In addition, the circular economy model can be implemented in SWM to process
the transactions.

5. Discussion

Waste management is one of the vital units that enables us to maintain urban cities
clean and green. To maintain a clean and green environment in urban cities, implementing
a waste management system should be adequate. Generally, the municipal authorities
follow the door-to-door collection procedure for collecting waste in many areas. Here,
the transportation cost is rising, and the transport unit visits the same area where the
generation of waste is too low. Many researchers have proposed different mechanisms
and technologies that have transformed the traditional waste management system into the
intelligent waste management system. Still, they are in need of enhancement in the waste
management system for effective collection and management. The enhancement in the
waste management system will be addressed in different parameters as follows.

5.1. Communication Range and Power Consumption

Wireless communication protocol plays a crucial role for wireless monitoring of the
bins from a remote location. In waste management, the end nodes are the primary source
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for transmitting the data of the bins. End nodes are the integration of sensors, actuators, a
communication protocol, and a power source. Many studies have embedded the battery as
a power source for the end nodes. As end nodes are energy constraint devices, there is a
need for selecting the long-range and low-power-consumption communication protocol for
the transmission of the data. GSM/GPRS wireless communication protocol is integrated
into the many studies for communicating the status of the bins. Even though GSM/GPRS
transmits the data to the long range, it consumes high amounts of power. With this factor,
researchers have replaced GSM/GPRS with wireless personal network (WPAN) technolo-
gies such as ZigBee and Bluetooth for the transmission of the sensory data. Practically,
the bins are in a different location far away from the municipal authority. However, the
transmission range of these two wireless communication technologies is limited to 100 m.
The creation of a mesh network for monitoring leads to the interruption in the transmission
of the data. The limitation of short range in WPAN and high-power consumption in
GSM/GPRS triggered the researchers to look for feasible wireless communication technol-
ogy. LoRa (Long Range) wireless communication overcomes the limitations in the previous
wireless technologies that have been implemented in the waste management system for
monitoring the bins. The pure ALOHA mechanism in the LoRa network enables low power
consumption for transmission of the data. LoRa implementation the waste management
has enhanced the monitoring of the bins in terms of transmission range and energy.

5.2. Integration of IoT

In waste management, the real monitoring of the threshold level of the bins is a
necessary element for avoiding the overflow of garbage from the bins. Real-time monitoring
of the bins is achieved by integrating the Internet of Things (IoT) in waste management.
IoT connects and monitors the bins through internet protocol (IP), and additionally, the
cloud server stores the real-time sensory data continuously. Data analytics tools can be
implemented on the sensory data that are available in the cloud server for analysing the
waste generation pattern of a different location at distinct time intervals. Google Cloud
server (GCP), Thingspeak server, Amazon Web server, and Microsoft Azure server are
different platforms that are available for municipal authorities to monitor the bins in real
time. In our analysis, IoT in the waste management system is implemented for monitoring
the threshold level and collection of waste. Recent studies of IoT-based waste management
systems started focusing on the classification of the waste. For achieving the classification,
one researcher implemented an Al-based object detection model and another implemented
camera-based technology. The integration of IoT has brought smartness and intelligence to
the waste management system.

5.3. Local-Network- and Gateway-Based Architecture

In many studies, the IoT-based architecture that is proposed for waste management
system increases the infrastructure cost. IEEE 802.11-based wireless communication is
embedded in the end nodes for logging the data to the cloud server via internet protocol (IP)
as shown in Figure 8. The limitation of this kind of architecture is that a router needs to be
installed for providing internet to every end node. Unavailability of internet connectivity
to this architecture leads to failure. Concerning Figure 9, embedding the LoRa module in
every sensory node of the bin increases the infrastructure cost. However, these limitations
can be overcome by proposing a local-network- and gateway-based IoT architecture for the
waste management system.

We suggest a local network and gateway based on the loT-based waste management
system. Figure 11 illustrates the architecture, which is an integration of IEEE 802.15.4
ZigBee and IEEE 802.11, i.e., LoRa. Both ZigBee and LoRa (Long Range) utilize the ISM
(industrial, scientific, and medicine) band to transmit the data. The ISM band is an open
license band, and there is no requirement for additional expenditure to transmit the data.
However, deployment of LoRa in sensor nodes increases the infrastructure; here, we
suggest a local network to be established between the sensor nodes and gateway for
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reducing the infrastructure cost. A local network is an integration of ZigBee and LoRa
communication. Zigbee-based sensor nodes transmit the data from the sensor node to the
local network. The local network receives the data via the ZigBee network and transmits
the data to the gateway via the LoRa (Long Range) network. The gateway act as a bridge
for transmitting the data from the end node to the cloud server. The gateway integrates
LoRa (Long Range) and IEEE 802.11 wireless protocol for receiving the data from the local
network and transmitting the data to the cloud server via internet protocol (IP). This kind
of architecture overcomes the connectivity failure and is cost-effective.
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Figure 11. Local-network- and vision-node-based IoT architecture for SWM.

5.4. Customization of a Prototype

A vision-based node in the SWM enables the authorities to monitor the outdoor
environment of the bins. The vision node continuously monitors and records the activities
around the bins, and it is shown in the Figure 11. Visuals capturing every disposal collection
assist the municipal authorities in checking whether the disposal collection is processing
efficiently or not. The captured data can be utilized for prediction of classification of waste,
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waste generation pattern, and amount of waste generation by applying the Al techniques.
If the vision node is embedded with Al computing, then the node is capable of making
decisions by itself. Security and authentication of the bins will be enhanced.

5.5. Waste to Money

Citizens have responsibility for reducing the amount of waste generated and its effects
on the environment. Technologies, alone, cannot accomplish efficient waste management,
and the individual should be part of it. We suggest a waste-to-money model as the optimal
solution for engaging citizens in reducing waste. The waste-to-money model is a concept
in which money can be generated to every individual for the disposing of the waste. The
money is generated to the individual based on the quantity of waste disposed. However,
transparency and security come into the act for implementing this model precisely. Here,
the blockchain-based de-centralized application can be established for performing the
transactions. Blockchain technology is ledger-based technology in which data tampering is
not possible due to hash cryptography. Blockchain technology also provides transparency
and security for implementing the waste to money model.

6. Novelty of the Study

In this section, the discussion of the novelty of the study compared to previous studies
in the same field is presented as follows:

e In this study, we provided a detailed investigation of various geo-spatial technologies,
along with their significance, limitations, and applications for SWM. In addition,
research on various wireless data acquisition, wireless data communication with the
IoT, and blockchain is also presented in detail in this research. This study covers the
entire ICT technology from geo-spatial to blockchain.

e Inthe IoT for SWM, this study discussed two different architectures implemented in
the SWM for real-time monitoring. This section clearly describes the implications and
limitations of the two different architectures.

e In the blockchain for SWM, the study presented a pictorial diagram that provides
the path for the implementation of blockchain to enhance the digital documentation
during entire cycle of SWM.

e In the discussion section, the study suggested an IoT-based architecture for scalable
community. This architecture is suggested to overcome the connectivity and power
consumption during implementation of IoT network in an outdoor environment.
Moreover, this study highlighted the waste-to-money model with blockchain and
customization of the prototype.

7. Conclusions

Waste management plays a significant role in maintaining a clean and green environ-
ment by managing waste effectively and waste-management-concerning issues in smart
cities. The objective of the green environment is to enhance the quality and reliability of
environment assessment by using digital technology, i.e., IoT. Cloud-based IoT collects,
evaluates, and processes data in real time to assist municipalities, corporations, and res-
idents in making better decisions that enhance their quality of life. IoT is the sub-set of
ICT, and ICT is the backbone of the smart city that is utilized for improving the quality
of life. This study analysed the geo-spatial, wireless data acquisition and wireless data
communication technologies, and IoT implementation in SWM. Each technology is sum-
marized in tabular form with its function and technical specifications. The significance of
Al and blockchain for SWM is discussed in this study. Finally, we have suggested a local
network and architecture model, customized prototype, vision node, and blockchain-based
waste-to-money model for establishing an effective environment in the SWM.
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